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Introduction

Research Article

C-Kit Positive Cells from Failing
Human Hearts: Role of Culturing
Media on Cardiomyogenic Potentials

Abstract

Background: The possibility of culturing heart cells in order to regenerate damaged tissue is
a challenging problem. Recent observations have demonstrated the possibility of isolating and
expanding resident cardiac stem cells, which could favor regeneration and functional improvement of
the myocardial tissue.

Aims: To investigate two different culturing media: one promoting c-kit cells’ growth and the other
promoting differentiation in cardiac muscle cells.

Methods: We obtained primary cultures from left ventricle myocardial tissues of 10 human hearts
of patients with end-stage heart failure who received heart transplantation. Cells were first cultured
in a medium containing high serum and low calcium/magnesium (Ca?* /Mg?*) to promote cell growth
(medium A). Than they were cultured in another medium that contained lower serum concentration
and a variety of different factors in order to induce cell differentiation (medium B). The presence of
c-kit, specific for stem cells, a-sarcomeric actin (SA), specific for skeletal and cardiac muscle cells, and
a-smooth muscle actin (SMA), specific for smooth muscle cells was studied by immune-cytochemical
analysis.

Results: A high percentage of c-kit+, SMA-, SA- cells was observed in medium A; in medium B
with lower serum and higher Ca?*/Mg?* concentrations cells became c-kit-, AML+, SA+.

In medium A, 78% of the cells were positive for c-kit. After culturing the same cell populations in
medium B with lower serum and higher Ca?* /Mg?* concentrations, the percentage of c-kit positive cells
decreased to 21% while the cells positive for SMA and for SA increased respectively from 28 to 82%
and from 0 to 59%.

Conclusions: Our results confirm the presence of a high percentage of c-kit positive cells in failing
human myocardium and, for the first time, suggest a key role of calcium/magnesium concentration in
promoting both c-kit cells’ growth and their differentiation in human cardiac muscle.

human heart tissue and successfully expanded them in culture as

Culturing heart cells is still a challenging problem due to
the absence of suitable cell lines enabling easy gene expression
manipulation and notion [1]. In the last decade many groups have
been culturing human heart cells with the intent of reproducing
feasible myocardial tissue. The possibility of culturing stem cells has
given a great impulse to this attempt and many advances have been
made in two main directions: culturing embryonic [2,3] and adult
stem cells.

Adult-derived cardiomyocytes have been obtained from extra-
cardiac stem cells found in peripheral tissues such as bone marrow
[4,5], whole blood [6] and muscle tissue [7]. Progresses have been
made also in the sense of in vivo engraftment of the obtained
differentiated cells into myocardial tissue [8,9] despite difficulties in
making functional engraftments.

It has been recently demonstrated that cardiac-stem cells could be
“circulating” cells similar to those found in extra-cardiac tissue [10],
as well as local “residential” cells constitutionally present [11-13].

Messina and coworkers have identified multipotent cells in adult

cardiospheres (CS) [14]. They have also obtained cell differentiation
of the Cardiospheres Derived Cells (CDC) and in-vivo engraftment
in post-infarcted tissue [15]. These results seem to give a great
opportunity for making autologous transplants in patients with
reduced functional myocardial tissue.

Although this last possibility seems very promising there are
some difficulties in culturing differentiated cells. In the mentioned
experiments, co-cultures with mouse myocytes seemed to give the
right commitment to undifferentiated cells to become differentiated
myocytes. The latter were characterized by autonomous electrical
capacity and successful engraftment both morphological and
functional [15].

Aiming to develop differentiated myocytes we have cultured
human myocardial tissue using two media: one to promote cell growth
rather than cell differentiation using high serum concentration
and low Ca**/Mg** (medium A) and the other to promote cell
differentiation using a medium with lower serum concentration and
high Ca’*/Mg** (medium B).
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Three markers were used to identify different cells lineages:
c-kit, which is the receptor for stem-cell factor [16], a-sarcomeric
actin (SA), specific for skeletal and cardiac muscle cells [17,18], and
-smooth muscle actin (SMA), specific for smooth muscle cells [5,19].

Aims

We sought to investigate two different culturing media in order
to promote c-kit cells’ growth and to enable their differentiation in
human cardiac cells.

Methods
Patients

Samples of human myocardium (1cmx lcm x 1cm) were obtained
from 10 patients suffering from non-ischemic cardiomyopathy with
indication to heart transplantation. Seven patients were men, the
mean age was 55+9 years. Samples of tissue were taken from free wall
of left ventricle and they were stored in proliferation medium in order
to ensure cells’ viability. Thus samples were processed from 1 up to 8
hours after heart explantation. Informed consent for using discarded
hearts was obtained from the patient.

Cell cultures

Where not specified, reagents were from Sigma Aldrich (Sigma,
St. Louis, MO).

Primary cultures: The fragment of tissue was minced and
incubated for two hours at 37°C in 20 U/ml collagenase, 512 mU/ml
trypsin, 2% dialyzed and heat inactivated chicken serum, Ca2* and
Mg2+ free Hanks’ solution (CTC mixture) with 20 U/ml collagenase
Type 2 and 5 U/ml DNAse. The remaining pieces of tissue were
positioned under 1 cm? microscope slides cover glasses into culture
dishes (Becton Dickinson, Franklin Lakes, NJ) and cultured at 37°C,
5% CO, with 10 ml of medium A.

Medium A: To promote cell growth we used our previously
described medium [20] enriched by high serum (5%) and low calcium/
magnesium (0,33 mM Ca2+/0,15 mM Mg2+) concentrations. Thus
we added 50 ng/ml of adrenomedulline and 5 mU/ml erythropoietin
because of their well-known proliferation properties. Medium was
changed twice a week and cells were split at 80% confluence using
CTC and plated at 400,000 cells/dish. Once detached from the
tissue fragments cells were split and plated on coverglasses. Cells
proliferated forming clusters. After 8 days of culture in medium A
part of the cells were fixed for immune-cytochemical analysis and
part of the cells were cultured in medium B. At each passage cells were
frozen in liquid nitrogen in medium A with 10% DMSO.

Medium B: To promote cell differentiation, fetal calf serum
(FCS) concentration was lowered to 2% instead of 5% and different
parameters were changed one at a time: Ca?*/Mg** concentration
was raised to 2.2 mM Ca2*/1 mM Mg2+ or to 6.6 mM Ca2*/ImM
Mg2+; insulin concentration was raised to 20 pmg/ml; 25 ng/ml
Amphotericine B was added; 0.1 mM growth stimulating hormone
(GSH) was added; 25 pg/ml heart extract was added to the medium.
After 8 days of culture in medium B the cells were fixed for immune-
cytochemical analysis.

Extracts: Freshly frozen bovine hypothalamus, bovine pituitary
(Pel-Freez Biological, Rogers, AK) and human heart were prepared as
described by Curcio et al. [20]. Protein concentration was determined
using BCA-Protein Assay Kit (Pierce, Rockland, IL) and the extracts
were added to a final concentration of 75 mg/ml, 50 pumg/ml and 25
pg/ml respectively.

Confocal microscopy and immunocytochemical analysis

For immunocytochemical studies cells were thawed, plated
on coverglasses, cultured for 8 days and then fixed in a 4%
paraformaldehyde. Afterwards they were washed and treated with
phosphate-buffered saline (PBS) solution containing 0.1% Triton
X-100, then incubated overnight at 4°C with mouse monoclonal a-SA
antibody (1:2000 in PBS buffer with 450 mM NaCl), and a-SMA
antibody (1:50; Dako, Carpinteria, California) to identify muscle cells
and rabbit polyclonal anti-c-kit antibody, CD117 (1:25; Dako) and
mouse monoclonal CD34 antibody (1:20; Immunotech Coultard,
Marseille, France) to identify primitive cells [5,13].

Goat anti-mouse IgG or goat anti-rabbit IgG conjugated with
Fluoroisothiocyanate (FITC-Vector lab, Burlingame, California)
were used as secondary antibodies. For double staining the same
procedure was repeated twice and the secondary antibodies, specific
for each primary antibody, were labeled with: Fluoroisothiocyanate
(FITC-Vector) or Tetramethyl Rhodamine Isothiocyanate (TRIC-
Vector) respectively. Blocking was performed using the Avidin/
Biotin blocking kit (Vector). Cells were then processed for confocal
microscopy as described by Longin et al. [21]. And examined using
Zeiss Axiophot Photomicroscope equipped with Epifluorescence
(C.F. Zeiss, Oberkochen, West Germany) or using Leica DMRE
confocal laser scanning microscope (Leica, TCS-NT) with a 40x or 63x
oil-immersion objective lens of numerical aperture 1. The excitation
wavelengths used were 488 nm (FITC) and 568 nm (TRIC). Filters
used for collecting emission signals were 522/35 nm (FITC) and >632
nm (TRIC).

We used the secondary antibody as negative controls. In addition
we also used the following cellular controls, both positive and
negative:

a) Endothelial primary cultures, obtained from the aortic arch
of the same patients. Primary cultures were obtained and cells were
cultured as described by Donnini et al. [22]. Only cultures positive
for CD31 expression by cytofluorimetric analysis were used. CD31
positive cells were utilised as positive controls for anti c-kit antibody
and as negative controls for anti-SA and anti-SMA expression.

b) H9¢2 cells (CRL-1446; American Type Culture Collection of
Rockville, MD, USA) are a clonal cell line of mononucleated myoblasts
derived from embryonic BDIX rat heart tissue [23]. We cultured
H9c2 cells in Dulbecco’s Modified Eagle’s Medium (Euroclone,
West Yorks, UK) with 4 mM glutamine and serum concentration of
10 or 1%. After 8 days they were tested with anti-SA and anti-SMA
antibodies.

¢) H5V cells are endothelial cells derived from the heart of
C57BL/6 mice [24]. They were cultured in Dulbecco’s Modified
Eagle’s Medium (Euroclone) with 10% FCS and they were used as
positive controls for CD31 molecule for cytofluorimetric analysis.
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Flow cytometry

CD31 expression was studied by flow cytometry. Cells were re-
suspended at 1,000,000 cells/ml and fixed in 4% paraformaldehyde.
Afterwards cells were incubated for 1 hour at 37°C with the anti-
CD31 mouse monoclonal antibody (1:20; Dako). Cells were then
incubated for 1 hour with goat anti-mouse IgG antibody conjugated
with Fluoroisothiocyanate (FITC-Vector). Analysis was performed
with FACStar cytofluorimeter (Becton Dickinson, San Jose, CA).

Statistical analysis

Evaluation of positive cells was done by counting 50 cells in 5
different fields and dividing the number of positive cells by the
total number of cells. Counting was performed by two independent
operators. Results are presented as means +SD.

Results

Samples of left ventricle myocardium were taken from the
explanted hearts of 10 patients with end-stage heart failure undergoing
heart transplantation.

Medium A, containing high serum (5%) and low calcium/
magnesium (0, 33 mM Ca2+/0, 15 mM Mg2+) concentrations, was
used to promote cell proliferation. We obtained growing cells in eight
primary cultures. Cells proliferated and formed clustersand after 8 days
of culture in the same medium, were fixed for immunocytochemical
analysis. We found that 78+13% of the cells were positive for c-Kkit,
28+7% of the cells resulted positive for SMA whereas there were no
positive cells for SA (Figures 1A-G). SMA appeared to be organized in
filamentous structures (Figure 1E), which is normally indicative of a
greater differentiation, being the polymer the functional form of actin
in cells. C-kit positive cells were also tested for the presence of CD34
and CD31. Immunocytochemical analysis revealed that c-kit positive
cells were negative for CD34 that is a marker of hematopoietic cells.
The cytofluorimetric analysis revealed that cells were negative also for
CD31, a marker of endothelial cells. The presence of c-kit positive
cells confirmed that undifferentiated cells were present in adult failing
human heart, either as circulating or residential cells. Once cultured
in medium A, these cells were able to proliferate in vitro.

To promote differentiation of cells cultured in medium a, they

F) Medium A

Percent of positive calls

(7]
-3

Figure 1: C-kit, SMA and SA Labeling of Cells from Left Ventricle and Aortic Arch of Failing Hearts, Cultured in Medium A. In Panels A, B, C and D, green
fluorescence indicates localization of c-kit molecule on cells derived from human myocardium. Panel A shows c-kit positive cells in primary cultures at the first
passage (p0). Panel B shows a c-kit positive cell with two negative cells utilized as internal negative controls. Panel C shows negative controls obtained incubating
cells with secondary antibody and non-immune serum instead of primary antibody. Panel D showsendothelial cells obtained from aortic arch of the explanted failing
hearts used as positive controls for the c-kit molecule. In Panel E, green fluorescence indicates localization of SMA. Nuclei where counterstained with propidium
iodide. There are two SMA-negative cells utilized as internal negative controls. The scale bars represent 10 um. Unstained central areas correspond to cell nuclei.
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were subsequently cultured for 8 days in medium B in which FCS
concentration was reduced from 5 to 2%, and one at a time different
solutes were added. No SA positive cells were found with 2.2 mM
Ca?*/1 mM Mg2+, insulin 20 pug/ml, Amphotericine B 25 ng/m,
GSH 0.1 mM or heart extract 25upg/ml in the medium. SA positive
cells were found only in medium B with Cah/Mg2+ concentration
of 6.6 mM/1mM, (Figure 2A). In the latter, c-kit+ cells decreased to
21+7%, SMA+ cells increased to 82+18% and there were 59+8 % SA+
cells (Figure 2B).

After 8 days in Medium B double staining of cells with anti-c-
kit and anti-SMA antibodies showed that the expression of c-kit
molecule was inversely related to the expression of SMA (Figures
3A-D) suggesting successive stages of differentiation. Two main
cells populations were identified: those which changed phenotype
becoming c-kit-/SMA+ and those which did not change phenotype
remaining c-kit+/SMA-. Double staining for SMA and SA showed
that 44+15% of the cells were SMA+/SA- (Figures 4A, 4B), 22+3%
were SMA-/SA+(Figures 4C, 4D) whereas 34+13% of the cells were
double positive SMA+/SA+ (Figures 4E, 4F).

H9c2 cells were used as controls for SA. These cells are a clonal
line of mononucleated myoblasts that remain undifferentiated in
10% serum and differentiate into skeletal muscle cells with 1% serum
concentration. Therefore H9¢c2 were cultured under both conditions
and tested for both SA and SMA. When cultured in 10% FCS, 3+1% of
the cells was positive for both antibodies while the other 97+1% of the
cells was positive only for SMA (Figures 5A-C). With 1% FCS, cells
started to form multinucleated structure and 45+5% were positive for

SA (Figures 5E-F). Double staining for SA and SMA demonstrated
that positive cells for SA remained positive for SMA as well.

Endothelial cells were used as positive controls for the c-kit
molecule. This line was obtained from the aortic endothelium of the
explanted hearts as described by Donnini et al. [22, 25]. The cells were
always positive for the c-kit molecule (Figure 1D). They were also used
as negative controls for SMA (Figure 1F) and SA (Figure 5D). Cells
used tested positive for CD31 expression by cytofluorimetric analysis.
For the analysis H5V cells were also used. These are endothelial cells
derived from the heart of C57BL/6 mice [24] and they were used as
positive controls for CD31.

Discussion

Our study demonstrates that c-kit positive cells are present in
failing human heart and they can be isolated and cultured in vitro.
Proliferating c-kit positive cells detached from tissue sample as
previously described by other groups [15]. Different cell types were
identified in culture by immunocytochemical analysis: smaller c-kit+
cells, bigger and flattened SMA+ cells.

C-kit positive cells

The percentage of c-kit positive cells in our cultures was unusually
high. This could be due to culturing conditions, which positively
selected them, or to their presence in high percentage in failing heart,
as recently demonstrated by Kubo and coworkers [26]. The presence
of negative cells in the same culture (Figure 1B) confirmed that the
high percentage of c-kit positive cells was not due to a non-specific
binding of the antibody. The c-kit molecule is the receptor for stem
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Figure 2: Number of Cells Expressing c-kit, SMA and SA in Cultures from Left Ventricle of Failing Hearts in Medium B. Panel A represents cells cultured in
medium B and tested for SA. Cells positive for SA (60+6%) were present only in medium with Ca?*/Mg?* 6.6 mM/1mM. In all other conditions there were no positive
cells for SA. H9c2 cells resulted positive for the same molecule.Panel B represents the effect of medium A and medium B with Ca?*/Mg?* 6.6 mM/1mM, on the mean

(zSD) number of c-kit, SMA and SA positive cells.
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cell factor and it is found in hematopoietic pluripotent cells [16,25].
However, it is also found in other cell types [27]. Endothelial cells
derived from aortic arch were also positive for c-kit.

Our results do not explain whether c-kit+ cells present in human
myocardium were derived from the walls of the cardiac vessels or
they were associated to muscle tissue. De Angelis et al. suggest that
satellite cells are derived from endothelial precursors associated with
the embryonic vasculature. Consequently, putative vasculature-
associated precursors may continue to give rise to pluripotent stem
cells in adult muscle [28] and give every organ the capacity to repair
tissue damage by self-regeneration. It has been shown that heart cells
have the ability of replicating after myocardial infarction [18]. This
capability may be due to undifferentiated c-kit positive cells, which
are able to replicate “in situ” giving rise to differentiated cells [29].
However, recent results suggest that defective cardiac progenitor cells
might be a common denominator in the pathogenesis of heart failure
of different etiology [30]. Thus, our findings support the advantage
of improving the efficacy of endogenous undifferentiated cells rather
than exogenous cell delivery for promoting cardiac regeneration.

Primary cultures and Media

Medium conditions remain crucial for cell proliferation and
differentiation. Our study confirms the importance of serum
concentration in inducing myocytes growth and/or differentiation

[31,32] and, for the first time, outlines the role of high Ca**/Mg*
concentrations in promoting cell differentiation. Lowering serum and
rising Ca**/Mg** concentrations, some cells started to lose their c-kit
phenotype and to express SMA and SA. At 2.2mM/1mM Ca**/Mg*
concentrations we did not obtain SA+ cells. They were only present
when Ca**/Mg*" was raised to 6.6 mM/ImM. Our cardiomyocytes
were not homogeneous, therefore it is impossible to state that the
same cells which were c-kit positive differentiated into muscle
cells expressing specific actins. We speculate that a certain level of
Ca?*/Mg** is necessary to promote ions influx in the cell which is
responsible for cell differentiation through a mechanism similar to
that obtained by electrical pacing [33] and mechanical stretching [34].
Molecules such as TRPM7, SRF, Ca**/Mg** could likely be involved
and represent a merging point for the effect of serum, calcium and
magnesium on cell growth.

Cells’ differentiation

Interestingly, not all the cells changed their phenotype, indicating
the presence of two main cell populations as also described by Smith
and coworkers. They demonstrated, by cytofluorimetric analysis, that
CDCs c-kit+ cells were present in culture with CD90+ and CD31+
subpopulations [15]. We noticed that some cells did not acquire the
differentiated phenotype, which supports the idea that there might
be different cellular types that provide physical cell-to-cell contact
(Figure 3) or a secreting support to the expanding cell population, as

Figure 3: C-kit and SMA Labeling of Cells from Left Ventricle of Failing Hearts Cultured in Medium B (Ca?/Mg?* was 6.6 mM/ImM). In Panels A to D
green fluorescence shows localization of c-kit, red fluorescence shows localization of SMA. For two-color fluorescence the red and green signals were collected
simultaneously using Leica TCS scanning system. To create a two-color image, the red and green images were merged. Co-localization appears as yellow as result
of the mixture of red and green. Panel E shows negative controls obtained incubating cells with serum instead of both primary antibodies. The scale bars represent

10 um. unstained central areas correspond to cell nuclei.
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Figure 4: SMA and SA Labeling of Cells from Left Ventricle of Failing Hearts Cultured in Medium B with Ca>*/Mg?* 6.6 mM/1mM. Cells were double stained
with antibody anti-SMA (green fluorescence in Panels A, C and E) and antibody anti-SA (red fluorescence in Panels B, D and F). Cells were observed with
fluorescent microscope using two different filters. Panels A and B represents a cell positive for SMA only. Panels C and D represent a cell positive for SA only.
Panels E and F represent cells double positive for both molecules. The scale bars (white lines) represent 10um.

already hypothesized by other groups [31,35]. Our results show that
the c-kit positive cells differentiated initially into smooth muscle cells
and subsequently into skeletal or cardiac myocytes.

This is consistent with previous studies demonstrating that line-
c-kit+ cells injected into infarcted hearts are able to differentiate into
myocytes, endothelial cells and smooth muscle cells [5]. Previous
studies have also demonstrated that, during cardiomyogenesis,
smooth muscle and striated a-actin genes are co-expressed within
myogenic cells [19]. In some cases, it was unclear whether the
presence of SMA was a sign of differentiation or dedifferentiation.
In fact, adult cardiomyocytes, which dedifferentiated once in
culture, re-expressed SMA while SA expression remained stable
throughout the culture [19,36]. In our experiments, the hypothesis
of dedifferentiation seems incorrect since the expression of SMA
did not always coincide with the expression of SA. In addition, c-kit
expression decreased as cells became positive for a-actins, a possible
indication of progressive differentiation. Data from H9c2 cells were
consistent with those on myocardial primary cultures. H9c2 cells

in 10% serum were mainly positive for SMA and negative for SA,
confirming that undifferentiated muscle cells express SMA. In 1%
serum, which promotes cell differentiation, cells became positive
for both SMA and SA. The expression of SA together with myotubes
formation confirmed cell differentiation.

Limitations

We acknowledge that the percentage of c-kit positive cells in our
cultures was unusually high. This could be due to culturing conditions
which positively selected and expanded them or to their presence in
high percentage in failing human heart, as recently demonstrated by
Kubo et al. in sample of non-human heart [37].

In our experiments we used only one time point of staining.
Unfortunately no others time points were available mostly because
of the insufficient number of samples. We acknowledge that multiple
time points of staining would have given a stronger accuracy of cells’
differentiation.

We know that in our experiments we tested an exiguous number
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Figure 5: SMA and SA labeling of H9c2 cells, used as positive controls for antibody anti-SA, cultured in Dulbecco’s Modified Eagle’s Medium with 10 and
1% FCS. H9c2 cells were double stained with antibody anti-SMA (red fluorescence) and anti-SA (green fluorescence). Panels A, B and C show H9c2 cells cultured
in Dulbecco’s Modified Eagle’s Medium with 10% FCS. Panels B and C show SMA positive cells at two different focal plans. Panels E and F show H9¢c2 cultured in
Dulbecco’s Modified Eagle’s Medium with 1% FCS in order to promote cell differentiation. After 8 days of culture mononucleated myoblasts became multinucleated
cells positive for SA (Panel E) and form myotubes like structures (Panel F). Panel D represents aortic endothelial cells used as negative controls since they were
always negative for SMA and SA molecules. The scale bars represent 10 um. Unstained areas correspond to cell nuclei.

of antibodies but we retain that this lack was compensated by using
some cellular lines (H9c2, H5V) as positive or negative controls,
according to the protocol of our study.

Conclusions

Our study demonstrates the presence of a high percentage of
proliferating c-kit+ cells in failing human heart and outlines the
importance of serum and Ca**/Mg* concentrations for human
cardiomyocytes differentiation process in vitro. We identified media
conditions which induce cells to lose their c-kit phenotype and to
acquire SA/SMA phenotype.

Our data could add important information for enhancing
endogenous myocytes differentiation and repair mechanisms. It
represents a well defined in vitro model for further studies in order
to understand important mechanisms for promoting human cardiac
regeneration.
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